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On  Ike  MoUlities  itf  tons  in  Air  at  Hig,h  Pressures. 

By  Professor  J.  C".  McLknnax.  F.R.S.  anu  Daviu  A.  Kkvs. 
B.A.,  Universitv  oi-  Toronto. 

lKra«l  May  iMminK.  flS) 

1.  Intkoih  (  Tl(>\. 

In  a  iJitptT  !)>■  thf  writt-rs.  "On  tin-  iK-itrii-.il  roiidm  i i\ ii  v 
impuried  to  Liquul  Air  by  alpha  rays,"  atu-niion  was  ialli<l  i<> 
the  exceedingly  high  insulating  properties  poitNessed  by  lic|ui«l  air. 
The  papor  also  inrliulod  some  mi-asiircnu-nis  on  tin-  saiiir.ition  ciirrfnls 
in  licjuid  air  and  in  air  al  high  prissurcs,  wluii  tiusi  were  iuni-.i.l  iiy 
alpha  rays.  In  the  discussion  of  some  phi-noiMiii.i  (omucittl  with 
these  ciimnts,  at  tent  ion  was  drawn  to  the  niHtssity  of  inaivin^;  measiiro- 
menis  on  tlie  mobilities  of  ions  Inith  in  liipiid  air  .md  in  .lir  at  \<  ry 
high  pressures.  Since  the  publication  of  tliat  papcrwc  haMim \(  r.d 
orrasioi.  made  attempts  to  measure  the  mobilities  of  ions  i)rnd  i«  •■<! 
in  li(|uid  air;  but  up  to  the  present  have  not  succeeded  in  ^jettinv;  any 
trustworthy  results,  ("oincction  tnirrents  diii'  to  tin'  iiiolioii  ot  air 
bubbles  formed  in  the  licjuid  air  antl  the  contamination  of  the  li(|tii«l 
air  by  ice  crystals  formed  from  condensed  atmospheric  water  vaiKiiir, 
ha\e  been  two  dislurl.inj;  factors  wiiich  we  lia\e  not  .is  yet  lut  n  ,il)le 
to  satisfactorily  eliminate.  It  has  been  ilifticull,  loo,  to  reduce  the 
size  of  the  iouisation  chamber  of  the  measuring  apparatus  to  dimensions 
small  en()Ut;h  to  ])erniil  of  its  use  in  a  mass  of  li(iiii(l  ,iir  small  t  nnii^h 
to  Ik;  jacketted  and  kept  at  a  low  temperature  b\  an  outsiili-  \essel 
of  liquid  air  maintained  at  a  low  temperature  by  rapid  evaporation. 

With  regard  t<i  measiirenu'nts  on  the  mobilities  of  ions  in  air  at 
high  pressures,  however,  it  has  been  quite  ilitfereni,  for  it  ha>  iieen 
found  easy  to  make  measurements  on  the  mobilities  at  all  pressures 
up  to  as  high  as  approximately  one  hinidred  and  ninety  atmospheres, 
for  such  high  pressures  were  obtained  quite  readily  by  the  use  of  a 
liquid  air  compressor. 
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riu-  only  ixptrin  nU  which  havi-  liccn  made  hillarto  on  the 
ninliilitifs  i.f  ionn  in  air  at  high  prcMurcs  appear  to  U-  thv  own  made 
by  IKn»i>stt  r'  aii<l  those  made  by  Kovarik*. 

In  his  work  l)fin|wlfr  u»ed  f»rcssurts  to  as  hiuli  as  KK)  atinos- 
l^ierwand  he  fouiMi  that  over  the  range  from  one  atnionphere  to  tliis 
limit  the  mobility  r>f  thi-  |ios{t!\-e  km  made  in  air  »»y  alf*a  ray*  varied 
invcrgelv  as  tin-  pn-sMiri'.  He  found,  howi-vir,  tli.it  ilii-  iiioMliiN  of 
the  neKUtivo  ion  at  the  higher  part  (rf  tlu-  ranKC-  <lid  not  apinar  to  vary 
inversely  as  the  pressure:  but  it  decreased  less  raf^ly  with  the  jires- 
suri-  til. in  it  should  li.ivf  doiif  if  ih<'  invcrsr  prissuro  l.nv  had  Ihih 
valid.  Kovarik  in  his  ix|HrinKiits,  «>n  the  oihir  hand,  worked  with 
pressures  from  13-3  to  74-6  atnHMpheres  and  ovtr  the  whole  of  this 
ranui-  hi'  found  that  tht-  iiK.hilitiis  of  lioth  positive  and  negative  i<M» 
made  in  air  by  alpha  rays  followed  the  in\trsc  prtssurc  iaw. 

In  the  present  investigatkm  the  mobilities  of  the  two  kinds  of 
ions  wvrv  nu-asnrcil  in  air  oxer  a  range  of  pressures  commencing  at 
66-86  atmospheres  ami  (Mending  to  181'5  atmospheres.  At  the 
kjwcr  pressures  of  this  range  the  mobilities  obtained  agreed  with  the 
ri  siilts  of  KoN  arik;  but  at  the  higher  pres-sures  it  was  found  that  the 
mobilities  of  tht-  two  kinds  of  ions  began  to  approach  each  other  in 
\'alue  and  Iwth  decreased  less  rapidly  with  increases  in  pressure  than 
they  shoukl  according  to  the  inverse  pressure  law. 

II.  APPAKATtJS. 

In  iTiaking  the  measurements  the  apparatus  shown  in  Fig.  1.  was 
used.  Ali  was  a  thick  circular  jilatc  of  brass  about  8  cms.  in  diameter, 
into  which  a  (lolonium-coated  copper  plate  CD  was  inserted.  GH 
was  a  circular  plate  of  brass  2  cm,  in  diameter  and  EFKL  was  a 
circular  guard  plate  surrounding  GH.  The  plate  GH  was  held 
firmly  in  position  with  ebonite  su|)porls,  with  its  lower  face  flush  with 
that  of  the  guard  plate  KL.  The  upper  face  of  CD,  which  was  the  oni' 
coated  with  polonium,  was  also  flush  with  the  upper  face  of  the  plate 
AB,  into  which  it  was  inserted.  The  plate  CD  was  square  and  has  an 
area  of  16  sq.  cm.  The  plates  GH  and  EL  were  kept  at  a  distance  of 
1  cm.  from  the  upper  face  of  AB  by  means  of  ebonite  suppOTts.  The 
clearance  between  GH  and  the  guard  plate  EL  was  less  than  one-half 
a  millimetre. 

>\Tien  this  ionisation  chamber  was  in  use,  it  was  placed  in  a 

stronK  steel  cylinder  which  had  a  capacity  of  about  1-5  litres.  The 
guard  plate  was  electrically  connected  to  the  steel  chaml)er,  w  hich  was 
itself  kept  joined  to  earth.   One  terminal  of  a  battery  of  small  cells 
tr^  •mpsi.  r.    I'hys.  Rcvitw,  \  ol.  XXIV.    No.  1.    Jan.  1912,  p.  53. 
'  jvarik.    I'nx'.  Roy.  S<M  .  A.    Vol.  86,  1912.  p.  154. 
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WM  joined  to  earth  and  the  other  terminal  was  joined  li\  ,i  wire     >■  ' 
pBMfil  through  an  instulatint;  pUiK  of  elMinite  in  llie  walls  of  ti.      i .  . 
cj^iadnr,  to  the  pit  »e  AB.  An  imulated  win  PR  aim  i»a«cu  uut 


through  the  walls  of  the  steel  cylinder  and  was  joined  up  to  a  pair 

of  quadrants  of  a  DolazaK  k  l  ieetrometer.  With  this  arrangement 
any  desired  uniform  electric  field,  positive  or  negative,  could  Ik-  estab- 
lished and  maintained  between  the  polonium-coated  copper  plate  CD 
and  the  electrode  EH.  As  the  range  of  the  alpha  rays  from  polonium 
is  only  about  3-8  cm.  in  air  at  .  nospheric  pressure,  it  will  be  seen 
diat  at  a  pressure  of  about  70  atmospheres  and  higher  the  ioniied 
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portion  of  tlic  air  between  GH  and  CD  wag  confined  to  a  very  thin 
layer  close  to  the  latter  plate. 

The  experiment  consisted  in  measuring  the  current  between  CD 
and  GH  with  various  positive  and  nejjative  voltages  applied  to  AB 
at  the  different  pressures.  The  formula  for  determining  the  mobilities 
which  is  applicable  to  the  present  case  is  that  given  by  Rutherford* 
and  Child .- 

Kxpressed  in  electrostatic  units  the  mobility  of  an  ion  is  given  by: 


32.r.d».i 


(1) 


a  second  per  ,^00  volts  a  cm  -.  .  . 

where  i  is  the  current  l)etween  CD  and  C.H  in  e.s.u.  per  stjuare  cm. 
cross  section,  d  the  distance  in  cm.  l)etween  GH  and  CD  and  V  the 
potential  difference  between  them  in  electrostatic  units. 
Expressed  in  practical  electromagnetic  units: 

.^20O.7r.dM  ,  , 

K=  cm.  a  second  per  volt  a  cm  

.IV 

where  d  is  in  cm.,  V  is  in  volts,  and  i  is  in  electrostatic  units  and  is 
the  current  per  square  cm.  cross-section  between  CD  and  GH. 

As  (1  was  1  cm.  in  the  apparatus  used  by  us  the  relation  (2)  re- 
duces to: 

!<  =  -'-  -   

From  equation  (.S)  it  will  be  seen  that  for  a  selected  pre.ssure  the 

current  i  should  l)e  proportional  to  X'. 

Table  I. 
Mr 

Pressure  =  14.S-.?5  atniospheres. 


P.D.  in  V'llis,  V. 


S«|iiari'  of  I'.U. 


(  iirri  nt  in  p.s.u.  i>cr  cm.' 


Positive 

411 

616 

8-21 
10 -26 
12 -.^ 

16-4 

.\egalive 

41 

616 

8-2 
l()-26 
12 -.1 
14 -.^6 

l()-4     

■Rutherford,  Phvs.  Rev.,  Vol.  XIII  (6),  j).  321,  1901. 
'Child,  Phys.  Rev.,  Vol.  XII  (3)  p.  137.  1901. 
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7-0')  X 

„ 
10 
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Mobilities  o(  ions  at  various  pressurps  in  air. 


.Mobilitv  in  cm /sec  per  volt  /cm. 

Vf  nKilitv 
iVIUlJllll  > 

Imcdiwi 

^    B  rrsiiurt. 

U  -1 1  in  n( 

Pfoaailm  in 

1111.l11ll#  





m/*i 

I'oMlivi-    =  ki 

.\c(;aliM'  =  k'i 

I'ositivi' 

r*  vfu'fimo (it'll 
CiXJM  1  llllVilldl 

— ,  ,  

 . — .  — 

Results. 

-3 

-3 

66-86 

19-70X10 

28-30X10 

1  -32 

1  '89 

1 .4< 
1  ^.1 

87-21 

16-13 

21  -37 

1  -41 

1  '86 

1  -33 

Q6-Q 

14-92 

19-46 

1  46 

1  '89 

1  -30 

lOS '  5.^ 

13-65 

1 S  ■  83 

1  -48 

2  '04 

1  •3,S 

1 16 ' 28 

12-87 

1 7  •  S3 

1  -  .SO 

2-07 

I  ■  39 

123  •  1 

12 

1 6  ■  69 

1  52 

2  -05 

1  36 

H'  •  7S 

12-03 

15-36 

1  -60 

2  '04 

145-35 

10-98 

15-20 

1  -60 

2-21 

1  -38 

155-04 

10-82 

14-24 

1  -68 

2-21 

1  '32 

1 64 . 73 

10-36 

14()« 

1  •  71 

2-32 

1  -36 

175-4 

019 

12-46 

1-61 

' '  19 

1  -36 

ISl  -5 

911 

11-97 

I  -65 

2-17 

1  -31 

Cakulateil 

on  basis  of  pXk 

=  constant. 

-3 

-3 

20 

67-3X10 

94-5x10 

1-34 

1-S9 

1-41 

.10 

44-9 

63-0 

u 

i* 

40 

33  •  5 

47-3 

u 

60 

22-4 

31-5 

u 

u 

80 

U)S 

23-6 

H 

too 

13-4 

18-9 

120 

11-2 

15-8 

u 

U 

« 

140  : 

9-6 

13-5 

M 

160  1 

8-4 

11-8 

180  ''. 

7-5 

10-5 

200 

6-7 

9-5 

At  all  the  prossurt-s  used  this  law  of  proportionality  between  i 
and  Y-  was  tested  In  ^ivinji  different  values  to  V  and  in  all  cases  it 
was  found  to  hold.  One  of  the  different  sets  of  readings  obtained  at 
a  pressure  of  14.S-,5.S  atmospheres  will  serve  to  illustrate  this  point. 
The  voltages  applied,  together  with  their  stpiares  and  the  corres- 
ponding currents  per  square  cm.  cross  set  t ion,  an-  j;iven  in  Table  I. 
They  are  represented  graphically  in  Kig.  2  and  it  is  clear  from  the 
diagram  that  the  relation  l)etween  i  and      is  a  linear  one. 

in.   Rest  I  TS. 

Diagrams  similar  to  that  in  Fig.  2  were  plotted  from  tin-  readings 
taken  with  different  voltages  at  all  the  pressures  selected.  From  them 
values  for  i/V*  were  calculated  for  each  of  the  pressures  and  on 
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substituting  these  values  in  the  relation  given  by  the  equation  (3)  the 

mobilities  for  both  positive  and  negative  ions  were  deduced  for  the 
corresponding  pressures.  These  mobilities  are  all  collected  in  Table 
II  and  they  are  plotted  in  Fig.  3  against  the  pressures  as  abscissae. 

Mobilities  calculated  according  to  the  inverse  pressure  law  on  the 
basis  of  the  mobilities  for  positive  and  negative  ions  at  atmospheric 
pressure  being  respectively  1  •  34  and  1  •  89  cm.  a  second  per  \  olt  a  cm. 
are  also  given  in  Table  II.  The  dotted  curves  represent  the  calcu- 
lated mobilities  and  the  smooth  cur\  es  the  mobilities  determined  in  the 
present  investigation.  As  both  the  table  and  the  figure  show,  the 
mobilities  did  not  decrease  as  the  pressure  rose  so  rapidly  as  was 
demanded  by  the  in\erse  pressure  law.  Moreover,  it  will  also  be 
seen  from  the  table  and  the  diagram  that  the  mobility  of  the  positive 
ion  approached  that  of  the  negative  ion  as  the  higher  pressures  were 
reached,  the  ratio  of  the  mobility  of  the  negative  ion  to  the  positive 
ion  dropping  from  1-43  at  66-86  atmospheres  to  1-31  at  181-5  at- 
mospheres. The  departure  from  the  inverse  pressure  law,  however, 
was  not  very  great. 

It  will  be  recalled  that  Greinacher',  in  Ills  experiments  on  the 
ionisation  of  paraffin  oil  and  of  petrol  ether  by  alpha  rays,  found  that 
the  mobilities  of  the  positive  and  negative  ions  produced  in  these 
liquids  were  practically  identical.  In  this  connection  it  is  interesting 
to  see  that  our  results  indicate  that  very  probably  the  same  equality 
would  apply  to  the  mobilities  of  positive  and  negative  ions  in  liquid 
air.  Measurements  on  the  mobilities  of  ions  in  air  at  pressures  still 
higher  than  those  used  in  this  investigation  would  be  required,  however, 
to  show  whether  this  surmise  were  correct  or  not. 

In  closing  we  desire  to  express  our  appreciation  of  the  services 
of  Mr.  P.  Blackman,  who  assisted  us  in  taking  many  of  the  readings 
in  this  investigation. 
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